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In the western US, major landscape modifications for flood conveyance and conversion 
of floodplains to crops have reduced the natural pathways of recharge and groundwater 
discharge. Combined with direct flow diversions for irrigation, these modifications result 
in depleted streamflows during the critical summer low flow period. Depleted streams are 
much more susceptible to extreme spatial and temporal temperature variability, which is 
inextricably linked to aquatic habitat suitability. However, in depleted streams, even 
small amounts of colder water (e.g., cool lateral inflows) can moderate temperatures and 
provide critical thermal refugia. While irrigation diversions reduce the amount of water 
instream, seepage from nearby irrigated areas and canal networks can enhance baseflows 
and moderate stream temperatures downstream of diversions. Some rivers now depend on 
these human-mediated return flows to maintain suitable flow and temperature conditions 
for river ecosystems over the dry season, making them sensitive to changes in land and 
water management. To improve our understanding of the role of irrigation diversions and 
iv 
  
shallow return flows on stream temperature patterns, we collected flow and temperature 
measurements along a diversion-depleted reach of the Blacksmith Fork River in northern 
Utah over three summers. We determined the significance of site-specific properties 
(shading, weather), channel morphology, and lateral inflows on spatial and temporal 
stream temperature patterns. We found that lateral inflows, most likely sourced from 
unlined canals, were a critical component for maintaining suitable river temperatures. 
This study informs local and regional water management efforts during low flow periods 








Summer Stream Temperature Patterns and Controls 
 in an Irrigation Depleted Western Stream 
Sara Madison Alger 
 
In the western US, flow diversions for irrigation reduce the amount of water in rivers. 
Additionally, changes to the nearby landscape can reduce the amount of groundwater 
flow into rivers. These combined factors deplete rivers and can even completely dry up 
the stream channel. Depleted streams typically have warmer temperatures in the summer, 
which can be harmful for fish and other aquatic species. However, in these depleted 
streams, small amounts of colder water can buffer these impacts. These colder water 
inputs, or lateral inflows, can come from local springs, seepage from nearby canals, or 
irrigation fields. Some rivers now depend on these lateral inflows to maintain water 
instream when they are depleted. To better understand these lateral inflows, and 
specifically the role of seepage from nearby canals, on streamflow and temperature, we 
monitored the Blacksmith Fork River in northern Utah below multiple diversions for 
three summers. We found that lateral inflows were critical for moderating stream 
temperatures during hot days with high diversions and prevented temperature from 
reaching stressful or lethal conditions. This study provides information for local and 
regional water management about the impacts of summer water diversions on streamflow 
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Irrigated agriculture is the dominant water use in the western U.S., accounting for 
more than 90% of surface water demands (Maupin et al., 2014). Peak irrigation demands 
generally occur during the dry season from June to September when plant water demands 
are high, and streamflow is naturally lowest. Historically, irrigators in the region have 
had little to no restriction on the amount of water left in-stream (Szeptycki et al., 2015). 
In irrigated valleys, surface water diversions and groundwater pumping, combined with 
climate and population stressors, are driving more frequent and intense streamflow 
depletion over the dry season. Streamflow depletion is defined here as any human-driven 
reduction in flow below unimpaired conditions ranging from minor reductions in flow to 
full channel dewatering. Past research has provided strong evidence that agricultural 
management practices influence baseflows (Condon & Maxwell, 2014; Ferguson & 
Maxwell, 2011; Kendy & Bredehoeft, 2006), but research that specifically links irrigation 
activities to stream temperature is limited (Essaid & Caldwell, 2017).  
Under depleted conditions, stream temperatures are much more susceptible to 
heating and increased variability due to increased surface area to water volume ratios and 
dominant solar radiation influences (Neilson et al., 2010; Neilson et al., 2009). Channel 
morphology can also influence the surface area available for exchanges at the air-water 
interface ,(G. W. Brown, 1969; G. W. Brown & Krygier, 1970; Poole & Berman, 2001; 
Schmadel et al., 2015; Sinokrot & Stefan, 1993; Stonedahl et al., 2013) potentially 
exacerbating this low flow sensitivity when channels are very wide and flow depth is 
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shallow. Given ongoing and planned stream channel modifications in the Intermountain 
West, such as for flood conveyance (i.e. riprap, weirs, dredging, and channelization), it is 
critical to understand the impacts of changes in the morphology on stream temperature in 
depleted stream reaches.  
Lateral inflow contributions to stream channels, which can consist of deep 
groundwater, shallow subsurface flow, or overland flow, can mitigate the impacts of 
depletion by supplementing main channel flow (Buahin et al., 2019; King et al., 2016; 
Wetstein & Hasfurther, 1989). Previous studies have shown up to 80% of dry season 
baseflows have been attributed to lateral inflows in irrigated basins (Kahlown & Kemper, 
2004). Subsurface flow contributions can buffer stream temperatures in the main channel 
during low flow conditions (Tague & Grant, 2009), reduce the rate of temperature 
increase, and even decrease main channel stream temperatures (Dzara et al., 2019; Poole 
& Berman, 2001), providing critical thermal refugia for aquatic species e.g. (Isaak et al., 
2018; Miller et al., 2007). Despite mounting interest in the role of subsurface lateral 
inflows in irrigation depleted streams, these contributions have proven difficult to 
quantify given that they are highly variable in time and space (Schmadel et al., 2015). 
Furthermore, the influence of lateral inflows on main channel temperature depends on 
other factors. The temperature and volume of lateral inflows, which may vary with 
season and water management activities, can dictate their overall importance and whether 
they warm or cool the stream, making it necessary to directly identify and monitor these 
inflows in sensitive systems. (Essaid & Caldwell, 2017; Kahlown & Kemper, 2004; 
Linstead, 2018).  
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Given the dominance of irrigated agriculture in the Intermountain West and the 
increased susceptibility of depleted streams to extreme temperature variability, especially 
in dry years, characterizing stream temperature patterns and sensitivity to change in these 
systems is critical. This study aims to improve understanding of summer stream 
temperature patterns under depleted conditions in the context of variable hydrology in a 
typical irrigated intermountain valley stream. Our research objectives are to (1) 
characterize streamflow and temperature patterns under depleted summer conditions in a 
representative watershed, and (2) evaluate the relative influences of irrigation-sourced 
lateral inflows, air temperature, and channel morphology on these patterns. To do this we 
collected three summers of streamflow and temperature data for a study reach 
downstream of three major diversions. Here we analyze these data in the context of 
gaining and losing reaches as well as general channel morphology. Then we evaluate 
observed temperature variability in the context of thermal tolerance thresholds for 
resident aquatic species and provide foundational information to guide natural resource 





2.0 STUDY AREA 
 
 
The Blacksmith Fork River (BSFR) begins in the mountains of northern Utah and 
drains a 743 km2 watershed into an agricultural river valley before merging with the Bear 
River which terminates in the Great Salt Lake. The BSFR has an average elevation of 
2,150 meters above sea level (masl), average annual flow of 3.05 cubic meters per second 
(cms) and an average annual precipitation of 73 cm. Similar to many streams in the 
Intermountain West, the BSFR receives much of its water from snowpack occurring at 
mid-elevation locations (<3,000 masl), making it particularly sensitive to changes in 
climate, with peak flows in spring and naturally low flows during the summer and fall 
(Jain & Lall, 2000; Serreze et al., 1999). Below the canyon mouth, the BSFR is diverted 
six times for irrigation over 13 km before reaching the confluence with the Logan River 
(Figure 1 a).  
A 2.5 km section in the valley portion of the BSFR from Nibley BSF Main Canal to 
the Millville Providence BSF Lower Canal (Figure 1) was selected as the study reach for 
its established seasonal flow depletion due to three upstream agricultural diversions. This 
reach has been consistently depleted by water diversions for irrigation. Several diversions 
feed unlined earthen canals that parallel the study reach on both sides (Figure 2). Due to 
the local topography, natural groundwater gradients, and these canals, lateral inflows are 
important for maintaining flows in the reach during summer. Lateral inflows are defined 
here as subsurface flow contributions including shallow subsurface irrigation return flows 





Figure 1. (a) The Blacksmith Fork River (blue), with 2 km study reach (red), and major diversions (teal). 
Images collected of the study reach under (b) unimpaired summer streamflow (c) depleted streamflow (d) 
aerial view of depleted streamflow, and (e) fully dewatered channel.  
 
 
isolated pools, channel separation, and even full channel dewatering along the study 
reach in very dry years (Figure 1 e).The study reach also includes a mixture of multi-
thread and single-thread channel morphology. Multi-thread reaches occur in unconfined 
setting with multiple flow paths, small side channels and deep pools (Figure 1 c, d) while 
single thread reaches have relatively uniform channels and many have been channelized 
or modified for better flood conveyance. Due to the mounting impacts of flow depletion 
on the river ecosystem and recreation (e.g., fishing, boating), there is growing interest 
among stakeholders, including water districts, riparian landowners, non-profits, and state 
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agencies, to better balance agricultural and instream water needs during the water-limited 






3.1 Study Design 
 
The 2.5 km study reach was segmented into six reaches (R1-R6) ranging from 367 to 472 
m in length to isolate the influences of channel morphology and lateral inflow sourcing 
while maintaining relatively even spacing between measurements, as constrained by river 
access (Figure 2). Four of these reaches (R2-R5) with distinct morphology were 
classified as either single- or multi-thread based on field observations and aerial imagery 
for subsequent analyses. Six distinct lateral inflows were identified through field 
observation, stream temperature and water quality monitoring, and analysis of thermal 
imagery as described below.  
 
 
3.2 Data Collection 
 
To address the research objectives, discharge, stream temperature, water quality, 
channel morphology, and meteorological data were collected along the study reach over 
summers 2018 (May to August) and 2019 (June to November) and 2020 (June to 
September) (Figure 2). Additional discharge and stream temperature data were collected 
during summer 2019 and 2020 based on a preliminary analysis of 2018 data. 
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 We installed one vented CS450 pressure transducer (Campbell Scientific, Logan, Utah) 
upstream of the Nibley BSF Main Canal and one unvented Level TROLL 400 pressure 
transducer (In-Situ, Fort Collins, Colorado) in the Nibley BSF Main Canal (Figure 1) to 
measure water depth at 15-minute intervals. A BaraTroll (In-Situ, Fort Collins, Colorado) 
was also installed near the canal to correct for atmospheric pressure. Depth was converted 
to discharge using rating curves (Appendix A, Figure 15, Figure 16) that relate water 
surface elevation to streamflow measurements at the two locations. 15-minute solar 
radiation and air temperature data were obtained from the Logan River Golf Course 
weather station. 
Daily streamflow below Nibley BSF Main Canal [river meter (RM) 0] was obtained 
using a flow balance approach, where the downstream flow was estimated as the 
measured flow above Nibley BSF Main canal minus the measured flow in the canal. 
Point discharge measurements at all three locations were used to validate this flow 
balance by ensuring there were no unaccounted gains or losses between flow 
measurement locations. To augment discharge estimates obtained from the gauging 
stations, synoptic point discharge measurements were taken at five locations in 2018 and 
seven location in 2019 and 2020 using a Flow Tracker (SonTek, San Diego, California) 
(Figure 2, Table 1). Discharge measurements in 2019 occurred later in the summer due to 
limited accessibility during high flows. Additionally, in 2019 the discharge measurement 
at RM 400 was not taken due to high flows. In 2020, the discharge location at the end of 
the study reach, RM 2500, was no longer accessible and therefore was not measured. 
These measurements were used to evaluate longitudinal changes in flow and identify 




Figure 2. Study reach schematic including six reaches (R1-R6), canals, and locations of pressure 
transducers, synoptic discharge measurements, stream temperature sensors, and lateral inflows (LI). Only 
LI-5 was monitored in all three years. Two discharge locations were only monitored in 2019 and 2020. 
Flow is from top to bottom. 
 
 
Daily flow depletion in the study reach was estimated to provide some insight 
regarding the portion of water removed from the stream over time. This measure accounts 
for three major diversions (Millville Providence Upper Canal, Hyrum Canal, and Nibley 
BSF Main Canal) (Figure 1 a, Figure 2), but there are a number of inflows (and likely 
outflows) along the study reach not accounted for. Daily depletion was calculated as the 
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difference between unimpaired streamflow at the USGS gaging station (10113500) in 
Blacksmith Fork canyon upstream from the study reach (RM -9600) and estimated 
streamflow below the Nibley BSF Main Canal (RM 0). 
 
 
Table 1. Synoptic discharge measurement dates and the measured and calculated (flow balance) discharge 
at RM 0. 
Date Measured discharge (cms) Calculated discharge (cms) 
6/15/2018 1.23 1.20 
6/25/2018 0.72 0.85 
7/20/2018 0.38 0.67 
7/22/2019 1.80 1.88 
8/29/2019 1.37 1.60 
11/8/2019 2.61 2.43 
8/19/2020 0.45 0.63 
 
 
Two methods were used to collect stream temperature data along the study reach. 
Fifteen HOBO Pro V2 (Onset, Bourne, MA) stream temperature sensors were installed 
along the main channel of the study reach (Figure 2) to collect stream temperature data at 
15-min intervals. In 2019, the most downstream sensor (RM 2424) was lost and in 2020 
this location was no longer accessible and therefore not instrumented. Additionally, in 
2020 the temperature sensor at RM 1810 was lost and the sensor at RM 875 was exposed 
to air for a period and not recording water temperature. These sensors were not used in 
the 2020 analysis. Thermal imagery was also collected for the entire study reach on 
August 25, 2018, providing high-resolution gridded raster data of stream temperature 
under depleted late summer conditions. A fixed wing unmanned aerial vehicle from the 
AggieAir UAV Program (Utah State University, Logan UT) was flown 350 m above the 
11 
  
ground with two scientific grade optical sensors, capturing narrowband red, green, blue 
and near infrared information (6.7 cm resolution), and one radiometrically calibrated 
temperature sensor (42 cm resolution). Images were captured at 1 Hz cadence. Aerial 
imagery was calibrated using the installed temperature sensors described above as well as 
eight additional temperature sensors strategically placed instream for the duration of the 
flight to capture the full range of temperature exhibited over the study reach.  
The locations of substantial lateral inflow contributions were identified in the 
field in 2018 and validated with spot temperature measurements indicating cool and 
constant temperature signatures relative to the main channel. Stream temperature sensors 
were installed in each identified lateral inflow in 2019 and in 2020. In 2020, only LI-3, 
LI-4, and LI-5 were instrumented. The remaining three sensors (LI-1, LI-2, and LI-6) 
were not instrumented due to insufficient flow (Figure 2). Each sensor was fully 
submerged in the lateral inflow above the confluence with the main channel. Additional 
water quality measurements including specific conductivity and dissolved oxygen were 
collected at monitored lateral inflows to help identify the source(s) of these lateral 
inflows using a 6920 Multi-Parameter Water Quality Sonde (YSI, Yellow Spring, Ohio). 
Isotope samples were collected at each lateral inflow to verify results from the water 
quality measurements. Samples collected at these lateral inflows were compared to 
samples collected along the main channel of the study reach, the canals paralleling the 





3.3 Data Analysis 
 
3.3.1 Interannual Hydrologic Variability 
To assess hydrologic conditions over the study period relative to the long-term 
interannual climate variability, water year types were determined from the upstream 
unimpaired USGS streamflow gage record based on available data from 1913-2019 (with 
data missing from 09/30/1996 – 03/21/2000). Average summer baseflow in each water 
year was calculated as the average daily streamflow from June 1 to September 31 to 
correspond with the irrigation season. Each water year was assigned as being either wet 
(>75th percentile) moderate (25-75th percentile) or dry (<25th percentile) based on its 
ranked average summer baseflow.  
 
3.3.2 Lateral inflows 
Temperature differences between sensors in main channel and nearby lateral 
inflows were assessed by plotting 15-min stream temperature time series over all 
summers. Temperature at each instrumented lateral inflow was plotted against the main 
channel temperature at RM 1851 to compare lateral inflow temperatures between years. 
Although lateral inflows were not instrumented in 2018, a sensor placed at RM 2014 was 





3.3.3 Synoptic Flow and Temperature Analysis 
Stream channel flow differencing was performed to identify gaining and losing 
reaches along the study reach and evaluate how those trends vary seasonally and 
interannually. Each reach was characterized as gaining (%ΔQn>0), losing (%ΔQn<0), or 
no change (%ΔQn>=0) based on the difference between downstream (Qd) and upstream 
(Qu) measurements. Gaining reaches indicate the presence of lateral inflows by assuming 





] × 100 
 
Where %ΔQn is the percent change in flow over reach n normalized by reach 
length Ln and upstream flow Qu. A similar analysis was performed to evaluate 
longitudinal warming and cooling trends through time as the percent change in 
temperature over reach n, normalized by reach length Ln and upstream temperature Tn 
(%ΔTn). Each reach (R1-R6) was evaluated based on differences between upstream and 
downstream measurements to determine if it was warming (%ΔTn>0), cooling (%ΔTn 
<0), or no change (%ΔTn =0). The temperature sensors located nearest each of the 
discharge measurement locations were used to calculate change within a reach, based on 
average hourly stream temperature at 16:00 hr to represent a warm time of day (R 
packages ggplot2, dplyr, reshape2). Because the temperature sensor RM 2424 was lost in 
2019 and not instrumented in 2020, temperature sensor RM 2218 was used in the analysis 
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for these years. This assumption was considered reasonable given that in 2018 little 
change in temperature was detected between these two locations.  
 
3.3.4 Longitudinal Trends in Stream Temperature 
Several analyses were performed to explore the relationship between weather, 
flow, and stream temperature. Space-time plots (R package oce) were generated with 15-
min stream temperature data to visualize temperature variability along the study reach 
through time. These plots were generated for the month of July to evaluate conditions 
under warm air temperatures and maximum depletion.  
The thermal imagery was evaluated with respect to the reaches defined above 
(Figure 2) using spatial statistics in an effort to isolate the influences of channel 
morphology and lateral inflows on spatial stream temperature patterns.  ArcGIS (ESRI, 
2017) was used to clip thermal and near-infrared imagery (NIR) imagery to the RBG 
imagery of the river corridor. A normalized difference vegetation index (NDVI) layer 
was generated from the NIR imagery to identify a threshold of 0.2 to separate areas 
without (> 0.2) and with (< 0.2) vegetation. Next, a temperature threshold was used to 
distinguish water (< 28 ⁰C) from dry land (> 28 ⁰C) in the thermal imagery. Since some 
vegetation was captured using this threshold due to evapotranspiration, the NVDI and 
thermal layers were combined to clip the channel boundary. The clipped thermal imagery 
was evaluated with respect to channel reach morphology by comparing single-thread (R2, 
R4) and multi-thread (R3) reaches, and with respect to lateral inflow contributions by 
comparing multi-thread reaches without (R3) and with (R5) field-identified lateral 
15 
  
inflows. Additionally, R5 was further split into two sections, above and below a large 
lateral inflow, to isolate its influence over a short length with limited warming.  
The time series of hourly longitudinal stream temperature change (ΔT/km) were 
also plotted for classified reaches R2-R5 to assess differences in the frequency and 
magnitude of heating and cooling between reaches and years. Frequency distributions of 
the hourly longitudinal stream temperature change (ΔT/km) were then generated.  
 
3.3.5 Meteorological influences on stream temperature 
Observed differences in diel variability in the space-time plots on warm verses 
cool days prompted an additional assessment of daily maximum, minimum, and average 
stream temperatures at each main channel sensor along the study reach on days with very 
different solar radiation and air temperature to evaluate their influence on diel variability.  
Daily solar radiation, air temperature, and stream temperature were then plotted for the 
drier summers 2018 and 2020 to assess meteorological influences over the irrigation 
season. Finally, the correlation between daily average stream temperature and air 
temperature was compared under high (> 65%) and low (< 65%) depletion levels using 
linear regression (R package ggpmisc). Sensor RM 1851 was selected for these analyses 








4.1 Interannual Hydrologic Variability 
 
Average summer streamflow at the USGS gaging station varies substantially from 
year to year (Figure 3). Drier conditions have become more frequent through time, with 
only two of the 26 wet years over the 106-year period of record (8%) occurring in the 
past 33 years. All three years of data collection years were classified as moderate water 
years, although average unimpaired summer streamflow was 3.93 cms in 2019 but only 




Figure 3. Average summer streamflow (June – September) calculated for each water year. Top 75th 
percentile was wet shown in blue, bottom 25th percentile was dry shown in red, and between the 25th and 





Both unimpaired and depleted daily flows were substantially lower in 2018 and 
2020 than 2019 (Figure 4). Diversion rates and associated flow depletion increased over 
the summer, with maximum depletion occurring on July 13 in 2018 at 72%, July 24 in 
2019 at 47%, and August 20 in 2020 at 73% and eventually returning to unimpaired 




Figure 4. Unimpaired daily streamflow recorded at the USGS gaging station with depleted streamflow 
calculated downstream Nibley BSF Main Canal. Synoptic flow measurements (Figure 6) for all three years 
are highlighted. Discharge measurements were gathered on the receding limb during 2018 and 2020 while 




4.2 Lateral Inflows 
 
Six major lateral inflow contributions were identified along the study reach 
(Figure 2) through a combination of visual inspection, temperature sampling, and thermal 
imagery. The lateral inflows generally had relatively consistent temperatures through 
time and across years (when not exposed to the air) while the main channel temperature 
exhibited greater diel, seasonal, and interannual variability. For example, stream 




Figure 5. Hourly temperature of the main channel (red) at RM 1851 compared to the six lateral inflows 




Lateral inflows had average temperature of 11.2-12.3 ⁰C. All lateral inflows 
shifted from being cooler than the main channel to warmer than the main channel at some 
point between late July and early September as solar radiation influences diminished. 
Specific conductance of the lateral inflows had limited variability across measurement 
locations and dates (330-474 μS/cm ⁰C). It was also very similar to specific conductance 
of the main channel and canals on 3/19/2020 and 4/29/2020 (difference < 100 μS/cm ⁰C). 
Specific conductance of the groundwater springs (810 and 933 μS/cm ⁰C) was 
substantially higher than that of the other three sources. These results indicate that the 
lateral inflows were likely not derived from deep groundwater but rather from shallow 
subsurface seepage from the unlined earthen canals that run parallel to the study reach 
(Figure 2) (Appendix B, Table 3).  
 
 
4.3 Synoptic Flow and Temperature Study 
 
Synoptic flow and temperature measurements revealed clear longitudinal trends over 
summer and across years (Figure 6). Across years, warming trends generally 
corresponded with losing or neutral reaches and cooling trends with gaining reaches 
during the irrigation season, but these trends are reversed in late summer when the main 
channel becomes cooler than lateral inflows (Figure 5). R5 consistently gains the largest 
percentage of flow during summer (i.e., all monitoring dates except November, 2019) 
with as much as 80% flow gains under the lowest measured flow conditions (July 20 
2018, 0.38 cms), corresponding with the location of major lateral inflow contributions. 
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R3 generally loses the most flow, with up to 29% flow losses in mid-summer, although it 




Figure 6. Synoptic flow and stream temperature trends over the study duration, including measurement 
date and streamflow at RM 0. Lateral inflows in R5 increase relative change in flow (%ΔQ) and reduce 
relative warming (%ΔT) in all years. Combined bars in 2018 and 2020 for reaches R1-R2 and R3-R4 are 
due to fewer discharge measurement locations. 
 
 
In the highest summer flow conditions of 2019, longitudinal and seasonal temperature 
trends were evident but muted (Figure 6). On July 22 and August 29 of 2019, warming 
occurred in R1-R4 and R6. R5- the reach where the most substantial lateral inflows 
occur- shifted from slight cooling to substantial warming over the three measurement 
dates. By November 8, R1, R2, R4 and R6 were still warming but R3 shifted to slight 
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cooling. Maximum warming (8% in R4) occurred in November and maximum cooling (-
2% in R5) occurred in July. This is consistent with results from the previous analysis 
indicating that the main channel is warmer than lateral inflows and therefore susceptible 
to cooling until mid-August to early September, at which point lateral inflows actually 
warm the stream.  
Observed longitudinal trends in 2018 and 2020 were more pronounced than those in 
2019, with much larger within-reach changes in flow and temperature. In 2018, 
longitudinal temperature change trends in R1 to R5 were generally consistent over the 
summer. Note that 2018 discharges were averaged over R1-R2 and over R3-R4 because 
discharge measurements were collected at fewer locations. R1-R4 warmed, R5 cooled 
substantially, and R6 shifted from slight warming to slight cooling. This within-reach 
warming was most extreme on July 20, 2018 under 71% depletion with 19% warming in 
R4 and -17% cooling in R5 corresponding with lateral inflows. Compared to 2019, 
maximum percent warming and cooling were increased by 11% and -14%, respectively, 
in 2018. Notably, flow gains in R5 were far greater in July 2018 than July 2019, resulting 
in five times more cooling. August 2020 trends were similar to those of July 2018 in R1-
R4, reflecting similar streamflow patterns (Figure 6). However, in the most downstream 
reach, gains and cooling trends in R5 were maintained through R6 in July 2018, while R6 






4.4 Longitudinal trends in stream temperature 
 
Space-time plots illustrate 15-minute stream temperature variability along the 
study reach in July, the month with greatest solar radiation influences (Figure 7). In all 
three years, stream temperatures increase from RM 0 to 1851, at which point 




Figure 7. Space-time stream temperature plots for July 2018 (top) 2019 (middle) and 2020 (bottom), where 
flow is from bottom to top of panel and study reaches R1-R6 are indicated. Temperatures generally 
increase longitudinally until RM 1851, where lateral inflows act as a thermal reset. Insets (a) and (b) outline 




These trends are most pronounced in 2018, followed by 2020. The 2019 plot shows 
substantially less diel variability and downstream warming, with a daily maximum stream 
temperature of 17 °C at RM 1851, 4.7 °C cooler than the 2018 maximum. However, 
longitudinal warming and diel variability also vary substantially between days within 
each summer.  
Longitudinal stream temperature patterns are also influenced by channel reach 
morphology. The thermal imagery collected August 25, 2018 shows distinct temperature 
distributions between single- and multi-thread reaches and reaches without or with lateral 




Figure 8. (a) Spatial stream temperature distributions and (b) 10-cm thermal imagery on the date of aerial 




Between the multi-thread reaches, median temperatures were cooler and the interquartile 
range larger in the upstream reach without lateral inflows (R3: 16.5 ⁰C, 15.2 to 23.3 ⁰C) 
than the downstream reach with lateral inflows (R5: 17.2 ⁰C, 16.3 to 21.9 ⁰C). This is 
likely due at least in part to warming that occurred between the two reaches. Among the 
three reaches with minimal lateral inflow contributions, multi-thread R3 had a slightly 
higher median temperature and interquartile range compared to R2 (15.9 ⁰C, 15.0 to 21.5 
⁰C) and R4 (16.1 ⁰C, 15.4 to 21.0 ⁰C). This finding contrasts with the longitudinal 
warming generally observed from R2 to R4 in the 15-minute temperature series (Figure 
7), particularly under low flows.  
Splitting R5 further into two short sections above and below a major lateral 
inflow to reduce the influence of longitudinal warming yields contrasting results from the 
comparison of R3 and R5 (Figure 9). The downstream section had a lower average 
temperature and larger interquartile range (with: 16.9 ⁰C, 16.1 to 17.9 ⁰C), than areas 
without lateral inflows (without: 17.1 ⁰C, 16.8 to 18.3 ⁰C). The lateral inflow therefore 
seems to cool the stream and increase temperature variability 
Hourly time series of longitudinal stream temperature change show differences in 
frequency and magnitude of heating between reaches. Multi-thread R3 heats more during 
the day and cools more at night than single-thread R2 (Figure 10). It also spends less time 
warming over the summer, with fewer time intervals where ΔT/km>0 in R3 than R2 
(Figure 10 a-c) as exhibited by distributions being shifted to the left (Figure 11). The 
frequent cooling exhibited by R3 may also explain why R4, located directly downstream, 
had a slightly lower median temperature on the date of aerial imagery collection even 




Figure 9. (a) Spatial stream temperature distributions and (b) 10-cm thermal imagery on the date of aerial 




By contrast, single-thread R4 is always warming over the monitoring period and 
exhibits greater diel variability in warming rates than upstream reaches (>3.5 ⁰C/km) 
(Figure 10 d-f). Lateral inflow contributions along R5 result in cooling during the entire 
irrigation season in all years, although the magnitude of cooling varies by season and 





Figure 10. Hourly plots of longitudinal stream temperature change in classified reaches (R2 - R5) over 
summers 2018-2020 over the monitoring periods, where ΔT/km>0 indicates warming. R3 and R5 have 
multi-thread channel morphology, and the majority of lateral inflows occur in R5. 
 
 
Additionally, the portion of the summer that R4 spends warming and R5 spends 
cooling increases substantially in drier years, while these interannual differences are less 
apparent between R2 and R3 (Figure 11). Percentiles of hourly longitudinal temperature 






Figure 11. Distribution of hourly longitudinal stream temperature change (Figure 10) in reaches R2-R5 
over three summer monitoring periods, where ΔT/km>0 indicates warming. 
 
 
4.5 Meteorological influences on stream temperature 
 
Longitudinal trends are most pronounced in July 2018 and to a lesser extent in 
August 2020.  On July 10, 2018 (Figure 7 b), when stream temperatures reached a 
maximum and air temperature was high (26.2 °C), the most upstream sensor (RM 0) 
ranged 3.3 °C (14.5 to 17.9 °C) and this diel range increased downstream to a maximum 
of 6.5 °C (15.2 to 21.7 °C) at RM 1851 (Figure 12 b). A sharp decrease in maximum 
temperature was recorded in R5 between RM 1851 and 2060 where lateral inflows were 
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observed, and then cooling continued to the downstream end of the study reach. By 
contrast, a week earlier on July 3 (Figure 7 a) when average daily air temperature was 
only 17.3 ⁰C, the maximum diel stream temperature range at RM 1851 was only 1.9 ⁰C 
(12.7 to 14.6 ⁰C), with the most upstream and downstream sensors exhibiting ranges <2 




Figure 12. Daily stream temperature range (min, mean, and max) on (a) a cool day (average air 
temperature 17.7 °C) and (b) a warm day (average air temperature 26.2 °C) during summer 2018. Each 
point represents a temperature sensor along the main channel, and stressful (19 °C) and lethal (24.5 °C) 
brown trout thermal tolerances are indicated. 
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Although 2018 and 2020 had similar unimpaired and depleted streamflow patterns 
(Figure 13 a), depletion patterns varied (Figure 13 b), with greater depletion generally 
occurring when solar radiation and air temperature were higher (Figure 13 c) – 
presumably due to increased water demands for irrigation. Specifically, diversions began 
earlier in 2018, with flow at the top of the study reach depleted to 1 cms by mid-June 
2018 while flow did not drop below 1 cms until mid-July in 2020 (Figure 13 a). 
However, in August and September there were also periods of lower air temperature that 
did not correspond to reduced diversions. The large reduction in diversions in September 
2020 corresponded with a major windstorm that forced diversions to be closed due to 
debris in the channel. 
The higher regression slope between stream temperature and air temperature 
under high depletion confirms that, for the same increase in air temperature, diverting a 
larger portion of streamflow results in a larger increase in stream temperature in the 
absence of significant lateral inflows (Figure 14). During low (D<65%) and high 
depletion (D>65%) the linear regression had slopes of 0.28 (R2 = 0.61) and 0.39 (R2 = 




Figure 13. (a) Average daily unimpaired streamflow at the USGS gaging station and depleted streamflow 
at the upstream end of the study reach (RM 0) in summers 2018-2020. (b) Percent depletion relative to 
unimpaired flow. Average daily solar radiation, air temperature, and stream temperature at RM 1851 in 




Figure 14. Correlation of average daily stream temperature and average daily air temperature under low 






 5.0  DISCUSSION 
 
 
Dominant physical controls on stream temperature patterns have been studied for 
decades, and it is well established that human activities can affect stream temperature 
through changes in the timing and magnitude of thermal energy delivered to the channel 
(heat load) or the amount of water in the channel (flow regime) (G. W. Brown & Krygier, 
1970; B. Webb & Zhang, 1997) However, the specific influences of irrigation activities 
on the flow regime and heat load of western streams remain poorly understood (Poole & 
Berman, 2001). This research gap is likely due in part to the local influences of 
diversions and lateral inflows in irrigated systems, which are variable in space and time 
and have proven difficult to quantify. Our study used intensive field monitoring over 
three summers to quantify stream temperature patterns in a small intermountain 
agricultural stream in the context of variable hydrology, weather, channel morphology, 
and lateral inflow contributions.  
As expected, stream temperatures were found to be most sensitive to heat 
exchanges under low flows and high depletion - including surface heat fluxes (radiative, 
sensible, latent heat exchanges) and subsurface lateral inflows. The moderate summers of 
2018 and 2020 exhibited more pronounced stream temperature variability and peak 
temperatures in response to surface heat fluxes and lateral inflows than the wet summer 
of 2019 (Figure 6, Figure 7, Figure 10, Figure 12). While summers 2018 and 2020 had 
very similar unimpaired streamflow patterns, slowly receding from 3 to 2 cms from mid-
June to October (Figure 13 a), distinct weather conditions and associated diversion 
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activities resulted in distinct stream temperature responses (Figure 13 c, d). Greater 
depletion generally corresponded with higher air temperatures due to increased water 
demands for irrigation. However, periods of lower solar radiation and air temperature did 
not always correspond with reduced diversions, likely due to water management practices 
whereby diversions are increased to meet increased water demands but not necessarily 
reduced as demands drop. 
 
 
5.1 Surface Heat Fluxes 
 
Under summer low flow conditions, BSFR stream temperature became 
increasingly sensitive to atmospheric exchanges with higher diversion rates. Summer 
irrigation diversions upstream from the study reach reduced unimpaired flow by up to 
70% (Figure 13 b), reducing water depth and velocity which translates to higher surface 
area to volume ratios and longer residence times (Johnston & Naiman, 1987). Longer 
residence times mean more energy exchange can occur across the air–water interface and 
these small parcels of slower moving water are more susceptible to external influences 
(Gu et al., 1998; Majerova et al., 2020). Upstream from lateral inflow contributions (R1-
R4), increasing depletion from 55 to 70% corresponded with more downstream warming 
and diel temperature variability (Figure 6, Figure 7, Figure 8). These observed trends are 
likely caused by solar energy gains during the day and energy losses at night due 
primarily to longwave radiation exchange. In a similar depleted stream, (Meier et al., 
2003) simulated a similar magnitude of warming driven primarily by solar radiation heat 
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exchanges using a physically-based temperature model. These warming patterns also 
correspond with previous research on differential heating in reaches with distinct surface 
area to volume ratios, although in our study the increased surface area to volume ratio is 
due to water withdrawals rather than differences in channel setting (Clark et al., 1999; 
Majerova et al., 2020). For the same change in air temperature, stream temperature was 
found to increase more under high depletion than under low depletion (Figure 14). With 
sufficient streamflow, such as during higher flow summer of 2019, diel variability is 
dampened, and stream temperatures remain relatively stable regardless of weather 
conditions (Figure 7). It should be noted that bed sediment heat fluxes (hyporheic 
exchange, conduction) and the localized influence of riparian shading were not 
considered here. Given the reach widths and channel orientation, shading influences are 
greater both early and late in the day but should not alter the maximum temperatures 
significantly over the study reach. Based on modeling studies conducted in the nearby 
Logan River, hyporheic exchange could, however, potentially influence within-day 
temperature variability (Buahin et al., 2019) . 
 Temperature responses to diversions in the BSFR were generally consistent with 
other seasonally depleted western streams. For instance, a stream temperature model 
simulating different water diversion scenarios in another Intermountain stream found that 
diversions in July and August increase average daily maximum temperatures by 2.0 °C in 
a wet year and 3.3 °C in a dry year (Dzara et al., 2019). In another seasonally depleted 
stream in northern California, simulated diversions caused a ~2 °C increase in average 
summer stream temperature (Liu et al., 2017) Similar to our study, the highest diversion 
rates and depletion levels were associated with the most extreme stream temperature 
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increases. (Liu et al., 2017) also found that streams with naturally high baseflow 
contributions are less susceptible to extreme temperature variability. The natural 
baseflow contributions discussed in their study appear to serve a similar buffering role to 
irrigation-sourced lateral inflows in the BSFR. 
 
 
5.2 Channel morphology influences on temperature enhanced by diversions 
 
Channel reach morphology, and specifically whether a reach is single-threaded or 
more complex multi-threaded, appears to influence stream temperature patterns in space 
and time, and differences are more pronounced under low flows and during the irrigation 
season (Figure 8). Similar to past studies (Harvey & Bencala, 1993; Hawkins et al., 1997; 
Poole & Berman, 2001) the multi-thread reach (R3) in the BSFR generally heats more 
during the day and cools more at night than upstream single-thread R2 (Figure 10). R3 
also experiences less time warming over the entire summer based on hourly longitudinal 
temperature change than R2 or R4 (Figure 10, Figure 11). Similar to the influence of 
depletion, the increased diel variability associated with complex multi-thread channels is 
likely attributable to the larger surface area to water volume ratios and longer residence 
times (G. W. Brown, 1969; G. W. Brown & Krygier, 1970; Gu et al., 1998; Harvey & 
Bencala, 1993; Hawkins et al., 1997; Johnston & Naiman, 1987; Poole & Berman, 2001; 
Sinokrot & Stefan, 1993). However, contrary to these trends, single-thread R4 exhibits 
greater diel variability than upstream multi-thread R3 in drier years (Figure 10). In fact, 
R4, which likely has the smallest surface area to volume ratio, exhibits the highest 
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relative longitudinal warming of any reach (Figure 6) and is consistently warming over 
all summers (Figure 6, Figure 10). This may be explained by high flow losses in R3 (up 
to 30% losses) (Figure 6), which cause R4 to have the lowest ambient streamflow of any 
reach. Therefore, while multi-thread reaches have the potential to warm more during the 
day than single-thread reaches under depleted conditions (and similar flow levels), they 
also have the potential to cool more and exhibit more diverse temperature conditions, 
which may reduce the rate of longitudinal warming over the study reach.  
 
 
5.3 Lateral inflows dampen stream temperature variability under depleted 
conditions 
 
Subsurface lateral inflow contributions along the downstream portion of the study 
reach buffer the system under highly depleted low flow conditions, reducing both 
longitudinal warming and diel variability. During the warm, low flow irrigation season, 
lateral inflows were cooler relative to the main channel and these temperature differences 
became more pronounced under increasing depletion (Figure 6). Particularly in drier 
study years, lateral inflows during the irrigation season reduced within-reach warming 
and even shifted the main channel just downstream of these inflows to a cooling state, 
while similar contributions had an almost undetectable influence in 2019 (Figure 6, 
Figure 7). This is similar to previous findings that temporal patterns in gaining reaches 
due to groundwater inflows consistently exhibit negative correlations between 
streamflow and both stream temperature and temperature variability (Constantz, 1998; 
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Silliman & Booth, 1993). However, before and after the irrigation season, lateral inflows 
were warmer relative to the main channel due to higher flows and cooler air temperatures 
(Figure 5). (Essaid & Caldwell, 2017)) observed similar seasonal trends in another 
irrigated western river valley. The thermal imagery reveals the localized thermal refugia 
and increased spatial stream temperature diversity occurring at lateral inflow locations 
(Figure 9). Highlighting the importance of this hydrologic pathway, some researchers 
have even proposed actively generating points of focused lateral inflows as a viable 
mechanism by which to create thermal refugia (Kurylyk et al., 2015) 
While our study does not explicitly quantify the portion of diverted flow that 
returned to the stream via subsurface flow paths, streamflow and temperature trends 
indicate that a significant portion of flow in R5 and R6 (Figure 6, Figure 7, Figure 12) in 
summer 2018 and 2020 is likely attributable to lateral inflows from irrigation activities 
based on the specific conductance and ion concentrations (Appendix B, Table 2, Table 5). 
A study of a similar Intermountain valley stream in Montana found that surface water 
irrigation under current practices (primarily flood and sprinkler irrigation) resulted in 
substantial subsurface lateral inflows that made up 60-70% of flow in late summer 
(Essaid & Caldwell, 2017). Based on a coupled surface water-groundwater model, lateral 
inflows resulted in 0.7 °C/km of longitudinal cooling and shifting from current irrigation 
practices to groundwater pumping substantially reduced late summer streamflow and 





5.4 Lateral inflows have an ecologically relevant influence on stream 
temperature 
 
Stream temperature directly influences aquatic species metabolic rates, 
physiology, and life-history traits and affects rates of important community processes 
such as nutrient cycling and productivity (L. E. Brown et al., 2004; Gasith & Resh, 
1999). Stream temperature fluctuations caused by variable meteorological factors and 
human activities can therefore substantially impact the stress and survival of aquatic 
species (B. W. Webb et al., 2008; Yearsley, 2009). Irrigation-depleted reaches in 
particular often occur in critical aquatic migratory corridors between steep mountain 
canyons and high-order floodplains and historically hosted higher levels of biodiversity 
than colder headwater streams (Isaak et al., 2018) making elevated stream temperatures 
even more consequential. An electrofishing survey in the BSFR by the Utah Division of 
Wildlife Resources in 2019 and conversations with landowners suggest that the study 
reach supports a substantial brown and rainbow trout population (>100 fish per mile) 
when flow and temperature conditions are sufficient. (Appendix D, Table 7, Table 8) 
 Results from our study suggest that, under high solar radiation and air temperature 
conditions, flow diversions can shift stream temperature into thermally stressful 
conditions for resident aquatic species, even in moderate years. At the same time, applied 
irrigation water can infiltrate into the subsurface, cooling as it moves through the ground, 
and return to the stream as lateral inflows resulting in downstream cooling (Essaid & 
Caldwell, 2017). In our study, these lateral inflows led to reduced longitudinal warming 
and diel variability and at times prevented temperatures from reaching stressful or lethal 
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limits.  For instance, on warm days in 2018, maximum daily stream temperatures were 
reduced from above the stressed limit (>19 °C) down to the growth range for brown trout 
just downstream from lateral inflows (RM 1850) (Figure 12). Additionally, reaches with 
lateral inflow contributions showed a greater areal proportion of low temperatures and 
temperature diversity (Figure 8, Figure 9), which have been shown to be beneficial for 
aquatic species (Kurylyk et al., 2015). Highlighting the importance of lateral inflows in 
the BSFR, observed temperature trends upstream from lateral inflows correspond with 
those of previous studies that have linked temperature effects of irrigation diversions with 
severe consequences for aquatic species (Bauer et al., 2015; Bunn & Arthington, 2002; 
Dewson et al., 2007; Miller et al., 2007) 
 
 
5.5 Water management implications 
 
In light of increasing competition over diminishing and unpredictable water 
resources, western natural resource managers face a mounting challenge to more 
efficiently allocate water to both instream and extractive demands. Several policy tools 
are available to address this challenge, including implementing water efficiency measures 
(e.g., lining and piping canals), water transfers, and regulatory water temperature 
standards (Elmore et al., 2016; Grafton et al., 2018; Olden & Naiman, 2010). For 
example, Utah passed legislation in 2020 to allow water banking as a means to provide 
more flexible management by facilitating temporary water transfers. However, effective 
use of these policy tools requires explicit consideration of their effects on stream 
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temperature under different hydrologic, weather and morphological conditions. Results 
from this study highlight critical conditions for extreme warming and stream temperature 
variability during which reducing diversions or transferring agricultural or municipal 
water rights to instream could sustain sensitive aquatic species. In moderately dry years, 
stream temperatures were found to be most sensitive to diversions when high air 
temperatures correspond with high solar radiation. Enhanced warming effects observed in 
July 2018 compared to August 2020 despite similar flows and air temperatures suggest 
that, under sufficiently low flow conditions, stream temperature variability most directly 
reflects differences in seasonal air temperature patterns in the absence of lateral inflows.  
 Despite capturing substantial hydrologic variability, our study does not reflect the 
full range of natural interannual variability exhibited by this or other mid-elevation 
western streams. Recorded average summer streamflows over the century at the 
Blacksmith Fork USGS gage were as much as 68% lower than what was monitored from 
2018 to 2020 (Figure 3). Furthermore, mounting climate change impacts in mid-elevation 
western streams will likely exacerbate the stream temperature trends observed in the two 
moderate flow years. Mid-elevation snowmelt-dominated watersheds are particularly 
sensitive to climate changes (Barnett et al., 2005; Jain & Lall, 2000; Serreze et al., 1999). 
The compounding effects of reduced snowpack, increased melt rate, higher air 
temperatures, and increased irrigation water demands will likely lead to more frequent 
and longer lasting critical conditions than were observed in this study (Barnett et al., 
2005; Elias et al., 2016). Additional monitoring over hotter and drier years is needed to 
characterize these responses. 
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 With increasing competition over less water in irrigated western river valleys, 
irrigation-sourced lateral inflows will likely play an increasingly important role as a 
thermal buffer (Grafton et al., 2018). This study approach and findings provide a basis for 
quantifying the often-unintended temperature impacts of irrigation efficiency measures 
on stream temperature through reduced irrigation-sourced lateral inflows. Specifically, 
we identified lateral inflow locations and characterized patterns of flow gains and losses 
and associated temperature changes under variable hydrology and weather. Additional 
research is needed to further quantify the separate and combined influences of flow 
depletion and lateral inflows in irrigated basins across a range of geologic and soil 
settings, canal network topologies, and irrigation practices. Future research using 
statistical and physically-based modeling could provide a deeper understanding of the 







This study characterizes summer stream temperature patterns and dominant 
controls in a typical irrigated intermountain river valley. Using three summers of 
intensive field monitoring, we demonstrate the interacting influences of hydrology, 
weather, channel morphology, and irrigation activities on stream temperature patterns. 
Interannual hydrologic variability was a dominant control on stream temperature 
response, with relatively stable temperatures in a wet summer and substantial diel 
variability and longitudinal temperature change in years with moderate streamflow. In 
moderate years, irrigation diversions reduced water velocities and depths, translating to 
higher surface area to volume ratios and increased daily temperature variability upstream 
from lateral inflows. These trends were further enhanced by differences in channel 
morphology. Multi-thread reaches exhibited more warming during the day and cooling at 
night than single-thread reaches under similar streamflow patterns, as well as less time 
spent warming over the summer and greater spatial temperature diversity. 
Aquatic species are very sensitive to stream temperature, and elevated 
temperatures due to seasonal irrigation diversions are a mounting stressor for river 
ecosystems in the western U.S. Study results highlight the critical role of irrigation-
sourced subsurface lateral inflows to buffer stream temperature variability and maintain 
ecologically suitable temperatures under depleted conditions in the BSFR. Lateral 
inflows acted as a thermal reset, buffering stream temperature extremes by reducing 
longitudinal warming and diel variability. Regional climate change projections are 
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expected to have cascading hydrologic effects and result in less water for both human 
uses and river ecosystems, increasing conflict over allocation decisions. Under these 
conditions, stream temperature patterns in seasonal snowmelt-fed western streams will be 
even more sensitive to land and water management activities, emphasizing the potential 
impacts of irrigation efficiency measures and instream flow transfers on stream 
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Figure 16. Water surface elevation to discharge rating curve in the Nibley BSF Main Canal. 
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Table 2. Isotope data collected from lateral inflows (LI-1:LI-6), springs (S1:S2), Hyrum BSF Canal (HC), main channel at the upstream end of the study reach 
(MCUS), and main channel at the downstream end of the study reach (MCDS). Springs 1 and 2 are located above the study reach approximately 50 m river left 
(Figure 2). 
Sample LI-1 LI-2 LI-3 LI-4 LI-5 LI-6 S1 S2 HC MCUS MCDS 
Chloride 
mg/L 
5.18 4.89 5.21 2.98 4.07 13.96 7.07 9.11 3.12 4.79 3.19 
Nitrite 
mg/L 
0.01 0.02 0.02 0.02 0.03 0.01 0.01 0.01 0.02 0.02 0.02 
Sulfate 
mg/L 
14.50 16.99 16.22 8.35 11.08 18.15 16.44 16.41 6.87 17.44 9.74 
Nitrate 
mg/L 
NA 0.01 0.13 0.11 0.40 3.14 3.36 4.68 0.30 0.14 0.13 
Phosphate 
mg/L 
NA NA NA NA NA NA NA NA NA NA NA 
9  Be  [ No Gas ] 
 Conc. [ ug/l ] 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
23  Na  [ He ]  
Conc. [ ug/l ] 
4.77 4.53 5.14 4.99 5.19 9.00 5.82 7.01 5.28 4.34 4.44 
24  Mg  [ He ] 
Conc. [ ug/l ] 
20.93 19.75 21.82 21.28 20.89 24.40 27.37 30.62 21.75 20.30 20.30 
27  Al  [ He ]  
Conc. [ ug/l ] 
11.89 12.67 4.88 0.92 0.66 2.42 0.61 10.75 13.60 6.99 9.93 
28  Si  [ He ]  
Conc. [ ug/l ] 
5.77 5.19 5.89 4.72 4.23 4.95 5.72 6.65 3.96 3.61 3.69 
31  P  [ He ]  
Conc. [ ug/l ] 
0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.03 0.01 0.01 0.01 
            






            
39  K  [ He ]  
Conc. [ ug/l ] 
0.50 0.50 0.92 0.96 1.07 1.17 1.57 1.46 0.93 0.71 0.74 
44  Ca  [ He ]  
Conc. [ ug/l ] 
64.39 61.48 66.68 63.44 63.31 72.60 55.21 58.74 60.34 57.85 57.95 
51  V  [ He ] 
Conc. [ ug/l ] 
0.12 0.27 0.51 0.43 0.37 0.39 0.19 0.61 0.47 0.37 0.38 
52  Cr  [ He ] 
Conc. [ ug/l ] 
0.01 0.02 0.06 0.09 0.08 0.11 0.39 0.58 0.12 0.08 0.46 
55  Mn  [ He ]  
Conc. [ ug/l ] 
106.68 65.97 1.69 1.12 0.64 0.37 0.17 0.41 1.81 1.93 2.52 
56  Fe  [ He ]  
Conc. [ ug/l ] 
69.55 197.44 12.30 8.97 3.23 6.16 1.95 12.30 20.60 12.90 22.41 
59  Co  [ He ]  
Conc. [ ug/l ] 
0.62 0.33 0.05 0.03 0.03 0.06 0.06 0.09 0.12 0.06 0.06 
60  Ni  [ He ]  
Conc. [ ug/l ] 
0.82 0.64 0.12 0.09 0.06 0.16 0.06 0.19 0.15 0.13 0.13 
63  Cu  [ He ]  
Conc. [ ug/l ] 
0.08 0.26 0.28 0.17 0.14 0.25 0.21 0.48 1.11 0.43 0.29 
66  Zn  [ He ]  
Conc. [ ug/l ] 
1.11 2.25 0.64 0.58 0.73 1.42 0.58 0.79 1.49 1.65 1.99 
75  As  [ He ]  
Conc. [ ug/l ] 
2.95 1.45 0.55 0.54 0.45 0.47 0.58 1.39 0.51 0.46 0.52 
78  Se  [ H2 ] 
Conc. [ ug/l ] 
0.07 0.15 0.25 0.25 0.28 0.37 0.51 0.65 0.36 0.36 0.36 
88  Sr  [ He ]  
Conc. [ ug/l ] 
158.58 162.77 179.07 165.64 159.89 189.81 157.06 177.20 143.69 139.63 139.85 






111  Cd  [ No Gas ] 
Conc. [ ug/l ] 
0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02 
121  Sb  [ No Gas ] 
Conc. [ ug/l ] 
0.13 0.13 0.22 0.12 0.07 0.10 0.27 1.36 1.55 0.58 0.30 
137  Ba  [ No Gas ] 
Conc. [ ug/l ] 
49.28 47.61 51.21 49.99 47.22 64.69 55.20 59.12 43.76 39.47 40.80 
205  Tl  [ No Gas ] 
Conc. [ ug/l ] 
0.08 0.01 0.00 0.00 0.00 0.01 0.00 0.03 0.03 0.01 0.01 
208  Pb  [ No Gas ] 
Conc. [ ug/l ] 
0.05 0.08 0.05 0.03 0.02 0.04 0.02 0.08 0.11 0.06 0.08 
238  U  [ No Gas ] 
Conc. [ ug/l ] 
0.49 0.70 0.69 0.80 0.84 1.11 0.90 1.27 0.93 0.96 0.92 
 
 
Table 3. Water quality measurements for lateral inflows (LI-1:LI-6), main channel (M61:MC6), Nibley BSF Main Canal (NC), Hyrum BSF Canal (HC), and 
springs (S1:S2). Main channel locations correspond with lateral inflows 1:6, measured above each confluence. Letters a, b, and c, on lateral inflow measurements 
indicate multiple measurements. 
 7/17/2019 LATERAL INFLOWS 
Location LI-1 L1-2a LI-2b LI-3 LI-4a LI-4b LI-5a LI-5b LI-5c LI-6 
Temperature ⁰C 14.64 16.08 14.71 11.18 12.44 NA 11.78 NA NA 12.66 
Specific Conductance μs/cm ⁰C 483 463 453 490 459 NA 470 NA NA 567 
Conductivity μs/cm 388 385 365 362 350 NA 352 NA NA 434 
PH 8.25 7.85 8.72 9.07 9.03 NA 8.76 NA NA 8.06 
 Dissolved Oxygen % 25 NA 62.5 40.7 NA NA NA NA NA 48.4 
Dissolved Oxygen mg/L 2.52 NA 6.4 4.4 NA NA NA NA NA 4.93 






    
 MAIN CHANNEL CANALS SPRINGS 
Location MC1 MC2 MC3 MC4 MC5 MC6 NC HC S1 S2 
Temperature ⁰C 15.18 15.54 15.49 15.39 15.24 15.25 NA NA NA NA 
Specific Conductance μs/cm ⁰C 422 421 422 424 426 429 NA NA NA NA 
Conductivity μs/cm 343 345 345 346 346 349 NA NA NA NA 
PH 9.78 9.9 9.42 9.05 9.46 9.03 NA NA NA NA 
 Dissolved Oxygen % 86 NA 87.5 NA 83.9 86.5 NA NA NA NA 
Dissolved Oxygen mg/L 8.72 NA 8.7 NA 8.43 8.6 NA NA NA NA 
 
          
 8/6/2019 LATERAL INFLOWS 
Location LI-1 L1-2 LI-2b LI-3 LI-4a LI-4b LI-5a LI-5b LI-5c LI-6 
Temperature ⁰C 14.99 15.0 NA 12.46 12.354 NA 12.67 NA NA 13.191 
Specific Conductance μs/cm ⁰C 473 456.8 NA 467 474 NA 471.3 NA NA 555.9 
Conductivity μs/cm NA NA NA NA NA NA NA NA NA NA 
PH 7.38 7.46 NA 7.43 7.51 NA 7.47 NA NA 6.98 
 Dissolved Oxygen % 21.6 38.6 NA 47.1 91 NA 84 NA NA 46.7 
Dissolved Oxygen mg/L 2.14 3.87 NA 5 9.71 NA 8.79 NA NA 4.87 
 MAIN CHANNEL CANALS SPRINGS 
Location MC1 MC2 MC3 MC4 MC5 MC6 NC HC S1 S2 
Temperature ⁰C NA NA NA NA 16.06 NA NA 16.003 12.999 13.016 
Specific Conductance μs/cm ⁰C NA NA NA NA 430.3 NA NA 437.6 923.4 810.1 
Conductivity μs/cm NA NA NA NA NA NA NA NA   
PH NA NA NA NA 8.42 NA NA 8.56 7.68 7.95 
 Dissolved Oxygen % NA NA NA NA 117.7 NA NA 119.8 115.9 106.9 
Dissolved Oxygen mg/L NA NA NA NA 11.61 NA NA 11.81 12.8 11.24 
 







3/19/2020  LATERAL INFLOWS 
Location LI-1 L1-2 LI-2b LI-3 LI-4a LI-4b LI-5a LI-5b LI-5c LI-6 
Temperature ⁰C NA NA NA NA 4.358 4.769 4.743 6.282 6.122 NA 
Specific Conductance μs/cm ⁰C NA NA NA NA 441.5 442 446.2 434.6 452.8 NA 
Conductivity μs/cm NA NA NA NA 267.5 271.1 273.5 279.2 298.5 NA 
PH NA NA NA NA 7.74 7.91 7.62 7.8 7.66 NA 
 Dissolved Oxygen % NA NA NA NA 81.2 90.4 83.7 87.2 85.8 NA 
Dissolved Oxygen mg/L NA NA NA NA 10.52 11.58 10.74 10.77 10.62 NA 
 MAIN CHANNEL CANALS SPRINGS 
Location MC1 MC2 MC3 MC4 MC5 MC6 NC HC S1 S2 
Temperature ⁰C NA NA NA 8.059 7.992 NA NA 11.79 NA NA 
Specific Conductance μs/cm ⁰C NA NA NA 386.1 386.4 NA NA 721.6 NA NA 
Conductivity μs/cm NA NA NA 261.1 260.9 NA NA 539.8 NA NA 
PH NA NA NA 8.54 103.5 NA NA 123.4 NA NA 
 Dissolved Oxygen % NA NA NA 105 122.6 NA NA 13.33 NA NA 
Dissolved Oxygen mg/L NA NA NA 12.41 8.61 NA NA 8.38 NA NA 
 
          
4/29/2020  LATERAL INFLOWS 
Location LI-1 L1-2 LI-2b LI-3 LI-4a LI-4b LI-5a LI-5b LI-5c LI-6 
Temperature ⁰C NA NA NA NA 6 7.117 6.38 6.426 6.266 NA 
Specific Conductance μs/cm ⁰C NA NA NA NA 404.5 403.7 428.8 439.1 434.1 NA 
Conductivity μs/cm NA NA NA NA 258.4 265.8 276.9 282.1 278.9 NA 
PH NA NA NA NA 7.93 7.96 8.18 8.14 7.8 NA 
 Dissolved Oxygen % NA NA NA NA 71.5 90 85 79.4 82.2 NA 
Dissolved Oxygen mg/L NA NA NA NA 8.79 10.88 10.1 9.75 9.95 NA 






    
 MAIN CHANNEL CANALS SPRINGS 
Location MC1 MC2 MC3 MC4 MC5 MC6 NC HC S1 S2 
Temperature ⁰C NA NA NA 12.04 12.151 NA 12.816 13.237 NA NA 
Specific Conductance μs/cm ⁰C NA NA NA 329.8 329.9 NA 330.4 354.6 NA NA 
Conductivity μs/cm NA NA NA 248.2 249 NA 253.6 275 NA NA 
PH NA NA NA 8.54 8.56 NA 8.56 8.6 NA NA 
 Dissolved Oxygen % NA NA NA 102.9 104.6 NA 99.7 105.5 NA NA 









Table 4. Stream temperature percentiles from spatial distribution plot (Figure 8) for each classified reach 
(R2-R5). 
Percentiles R2 R3 R4 R5 
10 15.1 15.2 15.4 16.3 
25 15.5 15.6 15.7 16.7 
50 15.9 16.5 16.1 17.2 
75 17.2 19.1 17.2 18.4 
90 21.5 23.3 21.1 21.9 
 
 
Table 5. Stream temperature percentiles for R5 from spatial distribution plot (Figure 9) for areas with, and 
without lateral inflows. 
Percentiles With Lateral Inflows Without Lateral Inflows 
10 15.6 16.6 
25 16.1 16.8 
50 16.9 17.1 
75 17.9 18.3 

























Table 6. Longitudinal temperature change percentiles from distribution plots (Figure 11) for each classified 
reach (R2-R5). 
2018 
Percentiles R2 R3 R4 R5 
10 -0.097 -0.39 0.23 -2.3 
25 -0.037 -0.30 0.35 -1.3 
50 0.064 -0.055 0.68 -0.58 
75 0.29 0.50 1.7 0.30 
90 0.64 1.4 2.7 0.79 
 
2019 
Percentiles R2 R3 R4 R5 
10 -0.11 -0.47 0.18 -0.65 
25 -0.081 -0.39 0.25 -0.29 
50 -0.032 -0.28 0.35 0.17 
75 0.017 -0.038 0.53 0.35 
90 0.13 0.37 0.92 0.49 
 
2020 
Percentiles R2 R3 R4 R5 
10 -0.66 -0.35 0.24 -0.99 
25 -0.33 -0.28 0.31 -0.70 
50 0.16 -0.13 0.46 -0.41 
75 0.14 0.26 1.1 -0.12 











Table 7. Fish survey results from August 2019 with species, total fish caught, and population estimates. BNT = Brown Trout, RBT = Rainbow Trout, MWF = 






± Fish/mile ± Fish/km ± Fish/100m2 ± kg/ha lb/acre 
BNT 78 87 12 667 93 414 58 4.33 0.60 79.41 70.86 
RBT 35 40 9 305 72 189 45 1.98 0.47 27.58 24.61 
MWF 3 3  23  14  0.15  2.61 2.33 
CTXRT 3 4 7 31 52 19 32 0.20 0.34 4.26 3.80 
BNTYOY 20 21 4 163 30 102 19 1.06 0.19 0.61 0.55 
RBTYOY 21 25 10 192 76 119 48 1.25 0.50 0.29 0.26 
MSC 63 363 1711 2782 13114 1729 8149 18.08 85.24 14.19 12.66 
 
 
Table 8. Fish survey results from August 2019 with length and weight statistics for each species caught. 
 Length (mm) Weight (g) 
Species Mean Std Min Max Mean Std Min Max 
BNT 242.54 72.57 145 400 183.19 150.62 31 616 
RBT 221.26 60.00 120 318 139.26 96.04 17 385 
MWF 230.33 108.55 105 294 174.67 143.49 9 260 
CTXRT 272.67 12.34 259 283 214.00 32.97 176 235 
BNTYOY 78.05 11.83 60 100 5.75 2.97 2 15 
RBTYOY 59.33 10.12 39 75 2.30 1.24 0.1 5 








Table 9. Fish survey results from August and September 1987 length and weight statistics for each species caught. CTT= Cutthroat Trout. 
  Length (Range) Weight (Range) 
Section Fish Species Millimeters Inches Grams Pounds 
2 BNT 166 (77-385) 6.5 (3-15) 99 (2-570) 0.22 (0-1.26) 
2 MWF 213 (108-371) 8.4 (4.3-14.6) 114 (9-430) 0.25 (0-0.95) 
2 CTT 241 (204-292) 9.5 (8.0-11.5) 125 (80-190) 0.28 (0.2-0.42) 
 
 
Table 10. Population estimates from fish surveys of August and September 1987 for each species caught. 
 Brown Trout Cutthroat Trout Mountain Whitefish 
Section 0.1 1.0 Acre 0.1 1.0 Acre 0.1 1.0 Acre 
2 139 1391 417 3 30 9 46 460 138 
 
